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.. AERONAUTIC . SYMBOLS , 
1. FUNDAMENTAL AND DEBITED, UNITS 



l&ngfcit 
Force^- 

Power _ 
Speed.. 



Symbol 



I 
t 



P 



Metric 



mmm. 



meter _ _ , 

second- 

weight of 1 kilogram. 



horsepower (metric), 
fkilometers per hour. 
\meters per second- - . 



Abbrevia- 



k.p.h. 
m.p.s. 



.mm- 



foot (or mile) 
second (or hour) „.i 
weight of 1 pound 

horsepower 

miles per hour 
feet per second. __ 



. Ab$r^&^':. 
iion 



ft. (or mi.) 
gee. (or hr.) 



bp.:.:: 
m.p.h. 



2. GENERAL SYMBOLS 

Vy KineinatiG 



gravity = 9,80665 



Standard acceleration of 
m/s 2 or 32.1740 ft./sec. 2 

Moment of inertia = mF. (Indicate axis 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 



of 



p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg~m~ 4 -s 2 at 

15° C. and 760 mm; or 0.002378 lb.-ft.~ 4 sec, 2 
Specific weight of "standard" air, L2255 kg/m 3 or 
0.07651 lb./eu.ft. 



3. AERODYNAMIC SYMBOLS 



Area 

■Area- of wing 
Gap 
Span 
Chord 

True air speed 
Dynamic pressure «|pF* 

Lift, absolute coefficient C L 

Drag, absolute coefficient C D 

Profile drag, absolute coefficient C D ™ 

Induced drag, absolute coefficient 0 Di - 

Parasite drag, absolute coefficient 0 B 



W 

I 

111 

M 



D 



m 

Dp 
W 



Cross-wind force, absolute coefficient C c * 
Resultant force 



m 



<Xoy 

... m 



Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 

line) \ | | 
Resultant moment 
Resultant angular velocity 

Reynolds Number, whei:e I is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Centcr-of-pressuro- coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 

Angle of downwash : ; . iM\ 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 

Angle of attack, absolute (measured from zero** 

lift position) 
Flight-path angle 
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An investigation of a large group of related airfoils 
was made in the N.A.C.A. variable-density wind tunnel 
at a large value of the Reynolds Number. The tests were 
made to provide data that may be directly employed for a 
rational choice of the most suitable airfoil section for a 
given application. The variation of the aerodynamic 
characteristics with variations in thickness and mean-line 
form were therefore systematically studied. 

The related airfoil profiles for this investigation were 
developed by combining certain profile thickness forms, 
obtained by varying the maximum thickness of a basic 
distribution, with certain mean lines, obtained by varying 
the length and the position of the maximum mean-line 
ordinate. A number of values of these shape variables 
were used to derive a family of airfoils. For the purposes 
of this investigation the construction and tests were limited 
to 68 airfoils of this family. In addition to these, several 
supplementary airfoils have been t included in order to 
study the effects of certain other changes in the form of the 
mean line and in the thickness distribution. 

The results are presented in the standard graphic form 
representing the airfoil characteristics for infinite aspect 
ratio and for aspect ratio 6. A table is also given by 
means of which the important characteristics of all the 
airfoils may be conveniently compared. The variation of 
the aerodynamic characteristics with changes in shape is 
shown by additional curves and tables. A comparison 
is made, where possible, with thin-airfoil theory, a 
summary of which is presented in an appendix. 

INTRODUCTION 
The forms of the airfoil sections that are in common 
use today are, directly or indirectly, the result of 
investigations made at Gottingen of a large number of 
airfoils. Previously, airfoils such as the R.A.F. 15 
and the U.S.A. 27, developed from airfoil profiles 
investigated in England, were widely used. All these 
investigations, however, were made at low values of 
the Reynolds Number; therefore, the airfoils developed 
may not be the optimum ones for full-scale application. 
More recently a number of airfoils have been tested in 
the variable-density wind tunnel at values of the 
Reynolds Number approaching those of* flight (refer- 



ence 1) but, with the exception of the M-series and a 
series of propeller sections, the airfoils have not been 
systematically derived in such a way that the results 
could be satisfactorily correlated. 

The design of an efficient airplane entails the careful 
balancing of many conflicting requirements. This 
statement is particularly true of the choice of the wing. 
Without a knowledge of the variations of the aerody- 
namic characteristics of the airfoil sections with the 
variations of shape that affect the weight of the struc- 
ture, the designer cannot reach a satisfactory balance 
between the many conflicting requirements. 

The purpose of the investigation reported herein was 
to obtain the characteristics at a large value of the 
Reynolds Number of a wide variety of related airfoils. 
The benefits of such a systematic investigation are 
evident. The results will greatly facilitate the choice 
of the most satisfactory airfoil for a given application 
and should eliminate much routine airfoil testing. 
Finally, because the results may be correlated to 
indicate the trends of the aerodynamic characteristics 
with changes of shape, they may point the way to the 
design of new shapes having better characteristics. 

Airfoil profiles may be considered as made up of cer- 
tain profile-thickness forms disposed about certain 
mean lines. The major shape variables then become 
two, the thickness form and the mean-line form. The 
thickness form is of particular importance from a 
structural standpoint. On the other hand, the form of 
the mean line determines almost independently some 
of the most important aerodynamic properties of the 
airfoil section, e.g., the angle of zero lift and the 
pitching-moment characteristics. 

The related airfoil profiles for this investigation were 
derived by changing systematically these shape vari- 
ables. The symmetrical profiles were defined in terms 
of a basic thickness variation, symmetrical airfoils of 
varying thickness being obtained by the application 
of factors to the basic ordinates. The cambered pro- 
files were then developed by combining these thickness 
forms with various mean lines. The mean fines were 
obtained by varying the camber and by varying the 
shape of the mean line to alter the position of the 
maximum mean-line ordinate. The maximum ordinate 
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of the mean line is referred to throughout this report as the 
camber of the airfoil and the position of the maximum 
ordinate of the mean line as the position of the camber. 
An airfoil, produced as described above, is designated by 
a number of four digits: the first indicates the camber in 
percent of the chord; the second, the position of the camber 
in tenths of the chord from the leading edge; and the last 
two, the maximum thickness in percent of the chord. 
Thus the N.A.C.A. 2315 airfoil has a maximum camber 
of 2 percent of the chord at a position 0.3 of the chord 
from the leading edge, and a maximum thickness of 15 
percent of the chord; the N.A.C.A. 0012 airfoil is a 
symmetrical airfoil having a maximum thickness of 12 
percent of the chord. 

In addition to the systematic series of airfoils, 
several supplementary airfoils have been included in 
order to study the effects of a few changes in the form 
of the mean line and in the thickness distribution. 

Preliminary results which have been published in- 
clude those for 12 symmetrical N.A.C.A. airfoils, the 
00 series (reference 2) and other sections having differ- 
ent nose shapes (reference 3); and those for 42 cam- 
bered airfoils, the 43 and 63 series (reference 4), the 45 
and 65 series (reference 5), the 44 and 64 series (refer- 
ence 6), and the 24 series (reference 7). 
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If the chord is taken along the x axis from 0 to 1, 
the ordinates y are given by an equation of the form 

± V = Go -yfx + «iz + (hx 2 + a^j? + a 4 z 4 

The equation was adjusted to give the desired shape 
by imposing the following conditions to determine the 
constants: 

(1) Maximum ordinate 0.1 at 0.3 chord 

a: -0.3 t/ = 0.1 

dyjdx = 0 

(2) Ordinate at trailing edge 

z = l y = 0.002 

(3) Trailing-edge angle 

x=l dy/dx= -0.234 

(4) Nose shape 

a; = 0.1 y=0.078 

The following equation satisfying approximately the 
above-mentioned conditions represents a profile having 
a thickness of approximately 20 percent of the chord. 

±y= 0 .29690 ^ - 0. 12600a; - 0.35 1 60a; 2 + 0^8430a^ 
-0.10150a; 4 



N. A. C. A family 




.5 .3 A .5 JS .7 .8 .9 

K ±V = 0.29690 Vx - 0.12600 x -0.35160 x e + 0.88430 x 3 -O.lOISOx" 
Basic ordinates of N.A.C.A. family airfoils (percent of chord) 
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Figure l.— Thickness variation. 



The tests were made in the variable-density wind 
tunnel of the National Advisory Committee for Aero- 
nautics during the period from April 1931 to February 
1932. 

DESCRIPTION OF AIRFOILS 

Well-known airfoils of a certain class including the 
Gottingen 398 and the Clark Y, which have proved to 
be efficient, are nearly alike when 'their camber is 
removed (mean line straightened) and they are reduced 
to the same maximum thickness. A thickness variation 
similar to that of these airfoils was therefore chosen for 
the development of the N.A.C.A. airfoils. An equation 
defining the shape was used as a method of producing 
fair profiles. 



This equation was taken to define the basic section. 
The basic profile and a table of ordinates are given in 
figure 1. Points obtained by removing the camber 
from the Gottingen 398 and the Clark Y sections, and 
applying a factor to the ordinates of the resulting 
thickness curves to bring them to the same maximum 
thickness, are plotted on the above figure for com- 
parison. Sections having any desired maximum thick- 
ness were obtained by multiplying the basic ordinates 
by the proper factor; that is 

±y t = ^(0.29690Vi-0.12600a;-0.35160a^ 

+ 0,28430:c a -0.10150x 4 ) 
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where t is the maximum thickness. The leading-edge 
radius is found to he 

'•=KoW =1 - 1W 

When the mean lines of certain airfoils in common 
use were reduced to the same maximum ordinate and 
compared it was found that their shapes were quite 
different. It was observed, however, that the range 
of shapes could be well covered by assuming some 
simple shape and varying the maximum ordinate and 
its position along the chord. The mean line was, 
therefore, arbitrarily defined by two parabolic equa- 
tions of the form 

where the leading end of the mean line is at the origin 
and the trailing end is on the x axis at x = l. The 
values of the constants for both equations were then 
expressed in terms of the above variables; namely, 

(1) Mean-line extremities 

z = 0 y c = 0 

ac-l y c = 0 

(2) Maximum ordinate of mean line 

x=p (position of maximum ordinate) 



and 

(aft of maximum ordinate) 

The method of combining the thickness forms with 
the mean-line forms is best described by means of the 
diagram in figure 2. The line joining the extremities 
of the mean line is chosen as the chord. Referring to 
the diagram, the ordinate y t of the thickness form is 
measured along the perpendicular to the mean line 
from a point on the mean line at the station along the 
chord corresponding to the value of x for which y t 
was computed. The resulting upper and lower surface 
points are then designated: 

Stations x u and x t 
Ordinates y u and y t 

where the subscripts u and I refer to upper and lower 
surfaces, respectively. In addition to these symbols, 
the symbol 0 is employed to designate the angle be- 
tween the tangent to the mean line and the x axis. 
This augle is given by 




Oi(x lt y t f 



x-u - x - y t sin 6 y u ~ y e + yt cos 6 



Radius through end of chord xi =x + y t sin 6 yi =yt - yt cos 8 
Sam-pie calculations for derivation of N.A.C.A. 68£i 
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taae 


sin 6 
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yt sin 6 


yt cos* 
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•0.40000 
.38333 

0 

-.07347 
-. 17143 


0. 37140 
. 36793 
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0.92840 
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0. 03094 
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.07965 
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-0. 02605 
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-. 03067 
00218 


0.00064 
.30000 
.60585 

1.00037 
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» Slope of radius through end of chord. 

Figure 2.— Method of calculating ordinates of N.A.O.A. cambered airfoils. 



y e = m (maximum ordinate) 
dyddx^G 

The resulting equations defining the mean line then 
became 

(forward of maximum ordinate) 



The following formulas for calculating the ordinates 
may now be derived from the diagram: 

x u — x — y t sin 6 

yu=y c +y t cos e 

xt=x+y t sin 0 

yi^yc~yt cos e 

Sample calculations are given in figure 2. The center 
for the leading-edge radius is placed on the tangent to 
the mean line at the leading edge. 
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A family of related airfoils was derived in the manner 
described. Seven values of the maximum thickness, 
0.06, 0.09, 0.12, 0.15, 0.18, 0.21, and 0.25; four values 
of the camber, 0.00, 0.02, 0.04, and 0.06; and six values 
of the position of the camber, 0.2, 0.3, 0.4, 0.5, 0.6, and 
0.7 were used to derive the related sections of this 
family. The profiles of the airfoils derived are shown 
collectively in figure 3. 

For the purposes of this investigation the construc- 
tion and tests were limi ted to 68 of the airfoils. Tables 
of ordinates at the standard stations are given in the 
figures presenting the aerodynamic characteristics. 
These ordinates were obtained graphically from the 
computed ordinates for all but the symmetrical sec- 



models, which are made of duralumin, have a chord 
of 5 inches and a span of 30 inches. They were con- 
structed from the computed ordinates by the method 
described in reference 8. 

Routine measurements of lift, drag, and pitching 
moment about a point on the chord one quarter of the 
chord behind its forward end were made at a Reynolds 
Number of approximately 3,000,000 (tank pressure, 
approximately 20 atmospheres). Groups of airfoils 
were first tested to study the variations with thickness, 
each group containing airfoils of different thicknesses 
but having the same mean line. Finally, all airfoils 
having a thickness of 12 percent of the chord were 




Figure 3.— N.A.C.A. airfoil profiles. 



tions. Two sets of trailing-edge ordinates are given. 
Those inclosed by parentheses, which are given to 
facilitate construction, represent ordinates to which 
the surfaces are faired. In the construction of the 
models the trailing edges were rounded off. 

Three groups of supplementary airfoils were also 
constructed and tested. The derivation of these air- 
foils will be considered later with the discussion. 

APPARATUS AND METHODS 

A description of the variable-density wind tunnel 
and the method of testing is given in reference 8. The 



tested to study the variations with changes in the 
mean line. 

RESULTS 

The results are presented in the standard graphic 
form (figs. 4 to 80) as coefficients corrected after the 
method of reference 8 to give airfoil characteristics for 
infinite aspect ratio and aspect ratio 6. Where more 
than one test has been used for the analysis, the in finite 
aspect ratio characteristics from the earlier test have 
been indicated by additional points on the figure. Table 
I gives the important characteristics of all the t airf oils. 
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Airfoil: N.A.C.A. 0006 R.N.:3,2I0,000 
Size: 5"x30 " Vel. (ft./sec.) : 68.5 

I Pres. (sfndatm.): 20.8 Date: 1-4-32 
Where tested: LMA.L. Test: V.D.T. 744 

' Corrected for tunnel-wall effect. 
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Airfoil: N.A.C.A. 0006 R.N.: 3,210,000 
Dote: 1-4-32 Test: V.D.T. 744 
Corrected to infinite aspect ratio 
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Figure 4 —N.A.C.A. 0006 airfoil. 
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Figuhe 6.— N.A.CA. 0012 airfoil. 
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Figure 8.— N.A.O.A, 0018 airfoil. 
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Figure 11.— N.A.C.A. 2212 airfoil. 
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Figure 12.— N.A.C.A. 2306 airfoil. 
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Figube 13.— N.A.C.A. 2309 airfoil. 
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Figure H.-N.A.C.A. 2312 airfoil. 



.1 

0 

1 

28l 0 

§ 

24 k 20 


S/a. 


Up'n 


L'w'r. 




20 
10 
0 




























































0 
1.25 
2.5 
5.0 
7.5 
10 
IS 
20 
25 
30 
40 
50 
60 
70 
60 
90 
95 
100 
100 


260 
3.05 
5.26 
6.28 
7.08 
8.25 
3.97 
9.36 
3.50 
3.22 
8.47 
7.36 
595 
4.29 
2.36 
1.30 
(.16) 


0 
-t.96 
-2.74 
-3.66 
-4.25 
-4.66 
-5.13 
-5.38 
-5.48 
-5.50 


XI 




















.12 
.11 














\ 




























48 


fc*. -10 




























































































































44 


0 20 40 60 80 


too 

.10 








































































































40 








































































A 

28$ 

20 tJ 
1 

1 

•1 


-5.29 
-4.77 
-4.06 
-3.22 
-2.28 




























.44 .09 












































































































































- 2.0 .40 ^.08 












































-1.26 
- .72 
(-.16) 
0 
























/ 




S 






































































1.8 .36 £.07 






































































- 1.6 .32 1.06 
































\ 












L.E.fiad.: 2.48 
Slope of radius 
through end at 


















k 
















































































- 1.4 .28< $.05 




































\ 








c 




-a: 




'15 
















/ 






7 








II 


























































c 


P- 




















- /^.w^.w 












































§20*40 






















t 


















- /.0g.20§ \.03 






















































ft 




<D 






I 


















































o 








9- 














tr 






























.0 ^ ^ 












































f/e^eo 








































- .02 












































t<4*° 








































- .6 " ./2 .0/ 


















































































- .4^ .08 0 












































1 oi 

-*» 


























































































































- .2 .04 J-./ 




























































a 






















































































































































Airfoil; IV.A.C.A, 23/5 RM:3,06Q0W 
Size: S"x30" Ve/.(ff./sec): 69.8 
Pres.(sthd.afm.): 20.8 Date: 9-25-31 


0 

-.2 i-j 

-.4 § -.4 












































-/2 




























































ASi-t^u. a/ a r a z>")ic BM.^ncnnnn 










W 


here tested: L.M.A.L. Test:V:D.T.6d3 
erected for tunnef-woii effect 










Date 


: 3-25-3/ " Test: V.DX 683 
•ected to infinite aspect ratio 






1 




C 










Corr 



Lift coefficient. CL 



FlotTBB 16.-N.A.C.A. 2316 aWoU. 



CHARACTERISTICS OP AIRFOIL SECTIONS PROM TESTS IN VARIABLE-DENSITY WIND TUNNEL 13 





Sto. 


Up'r 


Cw'r. 




I 




10 














| 


i 








.12 












































48 




c 










0 






X 
















= 






















































1.45 

2.5 


i.l 1 
1.51 




-u.au 

-1.04 






0 

10 


1 












1 












.11 






























$j 














44 




s.o 

7.5 
10 


2.26 
2.61 
3.24 
3.9 C 
4.37 




-1.29 
-1.40 
-1.45 




















1 


































































I 






0 




40 


6 


0 


8 


0 


too 




JO 














































40 




15 
20 




-1.44 
-1.37 












rer cent of chord 






































0 


















25 
30 
40 


4.6S 
4.66 




-1.25 
•I.l 2 
- .90 
































.44 


.09 














































36 I 




4.9C 














































































lord 


50 
60 


4.SC 
4.08 




- .70 

- .49 






























2.0 


.40 


■k.08 
c 






























\ 


















70 


3.35 
2.44 
t.3S 




- .33 

- .20 

- .11 




















/ 
























































80 
90 




















V 












1.8 


.38 


■<u 

§•07 














































28 $ 

*4 

20 T$ 

0) 


0 


9S 
100 
100 


.73 
(.OSj 


- .08 
(-.06) 
0 










































































^) 






























1.6 


.32 


l06 














































<u 


L.E. 




..'0.40 
















t 


























































28 \ 0 


Slope orraaiuS 
■through end of 
chord: 2/20 






























1.4 




$05 
-% 




























[ 






























t 










































h 


















Z4 l 20 












































1.04 
55 

t03 














































ft 


















C.p. 












































































\ 














t 


















1.0% 


.20° 






























a 






































































































t'4 eo 

% 8 0/00 


















\ 


r 
























.16 P 
Q 

.12 


.02 


























T 






















































u 




























p 

<— 








































i 






















.0/ 














































4 










































.4^ 


.08 


0 














































4 
























































































i o» 


















i 
























.2 


.04 


J-/ 






























Cm.* 






























s 




















































































































0 


0 
























































Airfoil: N.A.C.A. P/IOR R.N -.I l?0 DOC) 


























































Size: 5"x30" 








Ve/.m/sec.):69.3 


-.2 




I"' 3 














































-12 










Pres.(sfnd.atm): 20.7 Date: 9 


-8 


-31 












Airfoil: N.A.C.A. 2406 




R.N -3.120.000 












Where tested: LM.A.L Test: V.D.T. 665 


~4 














Date: 9- 


8-31 


Test: V.D.T. 665 


-16 


-a 










Corrected tor tunnel-wall effect 
















JOorrected to infinite aspect ratio 



-8 -4 0 



Angle of attack, a (degrees) 



.4 .6 
Lift coefficient, C 



Figure W.-N.A.C.A. 2406 airfoil. 
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Figuee 18.-N.A.C.A. 2412 airfoil. 
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Figuee 19. — N.A.C.A. 2415 alrfoii. 
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Figure 21.-N.A.C.A. 2421 airfoil. 
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Figube 22.— N.A.C.A. 2606 airfoil. 
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Figube 23.-N.A.C.A 2609 airfoil. 



CHARACTERISTICS OF AIRFOIL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TUNNEL 17 




Pres.(sthd.afm.):2I.O 
Where tested: LMA.L. Test:V.DX 722 
Corrected for tunnel-wall effect. 



0 4 8 12 16 20 24 28 32 
Angle of attack, <y (degrees) 







































































































< 


D • X 7 






No. 722 


























A VO « 


« 


67* 


i 




























































































































































































































































































































































k 


























































































\ 














































\ 


























































































































































































































S 














































r 




























































































































































K 






















































































































































>* 


t* 


































r 
















































































































Airfoil: N.A.C.A. 2512 R.N.: 3.080,000 
Date: 12-3-31 Test:V.D.T. 722 
Corrected fo infinite aspect ratio 



















32 1 

25 



,2 I 



•a ^ 



12 
-16 



.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 
Lift coefficient, Q. 



Figube 24.-N.A.C.A. 2612 airfofl. 




Airfoil: N.A.C.A. 2515 R.N.: 3,080.000 
Size: 5"x30" Ve/.(ft./sec.}: 69.8 
Pres.(sfnd.atm.):20.6 Date:9-I8-3I 
Where tested.- LMA.L. Test:V.DT. 675 
Corrected for tunnel-wall effect 



2.0 
1.8 
1.6 
1.4 

1.0% 
.G 

■8% 

Q 

.6 



.44 

.40 



.12 
.11 
JO 
.09 



.36 .§.07 



.24$ ^04 
20ZJ..03 
.02 
.01 
0 

i-.z 

o 

r J 

1-.4 



16^ 
Q 

.12 
.08 
.04 
0 



0 4 8 12 16 20 24 28 32 
Angle of attach, a (degrees) 







































































































































































































































































































































































































































































































































































































































































































































































V 


































































































































































< 


















































































































































































































































































































































































































































































Airfoil: N.A.C.A. 2515 R.N.: 3,080.000 
Qate:3-I8-3I Test: V.D.T. 675 
Corrected fo infinite aspect ratio 



















36^ 



28$ 

•i 

20 o 
._9- 



1 
8. 



.a O 
5 I 



.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 
Lift coefficient, G. 



Figure 26.— N.A.O.A. 2616 airfoil. 
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Figure 26.— N.A.C.A. 2618 airfoil. 
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Airfoil: N.A.C.A. 2521 R.N.: 3, 130,000 
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FlQUBE 27.—N.A.O.A. 2621 airfoil. 
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Corrected to infinite aspect ratio 



















28 



20 Q 

"I 



8' 



.2 .4 .6 .8 AO 1.2 1.4 1.6 1.8 
Lift coefficient, a 



FlQUBB 28.— N.A.O.A. 2&I2 airfoil. 
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Figure 29.— N.A.C.A. 2712 airfoil. 
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Airfoil: N.A.C.A. 4212 RM: 3,240,000 
Date .12-10 -31 Test: V.D.T. 729 
Corrected to infinite aspect ratio 
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Figdbe 30.—N.A.C.A. 4212 airfoil. 
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Fiqtob 31.— N.A.O.A. 4306 airfoU. 
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Airfoil N.A.C.A. 4306 R.N.: 3.080,000 
Date : 4-11-31 Test: V. D. T. 561 
Corrected to infinite aspect ratio 
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Airfoil: N.Af. A. 4309 R.N.: 3,080,000 
Date: 4-13-31 Test: V.D.T. 563 
Corrected to infinite aspect ratio 1 
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Figure 32.— N.A.C.A. 4309 airfoil. 
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Airfoil: N.A.C.A. 4312 RM: 3,180.000 
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Figure 33.— N.A.O.A, 4312 airfoil. 
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Corrected to infinite aspect ratio , 
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FIGUSE 34.— N.A.O.A. 4315 airfoil. 
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Airfoil: N.A.C.A. 4318 R.N.. 3.090,000 
Date:4-I4-3I Test: V.D.T. 566 
Corrected to infinite aspect rotio 
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FlotmE 35.— N.A.O.A. 4318 airfoil. 



CHARACTERISTICS OF AIRFOIL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TUNNEL 



23 




-8 -4 



Airfoil: N.A.C.A. 4321 R.N.3, 120,000 
Size. 5"x30" Vel.(ft./sec): 69.4 
Pres.(sfnd.otm.):20.7 Date: 4-15-31 
Where tested: LMA.L. Tesf.V.D.T. 567 
Corrected for tunnel-wall effect 



.12 
.11 
10 

.44 -09 
.40 -S-.05 
.36 .§.07 
.32 R.Ofi 
.28^ f.05 
}.24& $.04 

o 

.16 £ .02 



1 .08 
.04 
0 



0 4 8 12 16 20 24 28 32 
Angle of attack, d (degrees) 



.01 
0 

x 

i-2 

o 
o 

^ -.3 

j- 

















































































































































































































































































































































































































































































































































































V 














































X 
























































































p 












































1 












































L 










































4 


y 










































L 


V 










































r 








































K 


























































































































y 










































































































a 
































































































































































































Airfoil. N.A.C.A 4321 RM. 3,120,000 
Date:4-I5-3I Test. V.DX567 
Corrected to infinite aspect ratio 
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Airfoil: N.A.C.A. 4406 R.N.: 3, 100,000 
Date:8-2I-3I Test: V.D.T. 651 
Corrected to infinite aspect ratio 
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Fioubb 37.-N.A.C.A. 4406 airfoil. 
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FiOtfEE 38.— N.A.C.A. 4409 airfoil. 
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FIGUBE 39.-N.A.C.A. 4412 airfoil. 
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Figure 40— N.A.C.A. 4415 airfoil. 





5/<7. 


Jp'r. 


L'w'r. 




20 

tt) 




















.12 












































48 




0 


3.76 




0 

2.1/ 






IU 

0 
































































2.5 
5.0 


5.00 
6.75 




2„ 
4.C 


13 
6 




L U 


10 




















.11 












































44 




7.5 
10 


8.06 
9.11 




5.08 








0 


20 


4 


0 


60 


80 


IC 


JO 












































40 




IS 
20 
25 


0.66 
11.72 
2.40 




5.49 
5,56 
5.49 








1 


*er centof chord 












































































.44 .09 












































36* 




30 
40 


2V S 
2 70 




5.26 
4.70 








































































SO 


'1.85 
0.44 
3.55 




4.02 
3.24 
2.45 




























2.0 .40 ^.08 












































I 


I 


0 
























I 


L 














































SO 


6.22 




1.67 
.93 




























1 

1.8 .36 .§.07 
1.6 .32 0.O6 












































20 




35 


1.8 


9 




.55 




























































-a 










0 


100 
100 


f ./w 


1 .IS J 

O 






























































\ 












L.€. 


Rod. 


3.56 
















c L 




t 


















































<b 


Slope of radius 
through end of 
chord: 4/20 




























1.4 .28-* §.05 

-s -b 












































20 u 

0) 


28 \ ° 












/ 
























































































f 










1.2^.24-^ ^.04 














































*|*> 
















c. 


P- 




t 




























































^20% 40 
^16^60 




















/ 




















1.0%. 20° t03 












































48 
























































































































. 8%. 16* .02 
0 Q> 












































«? 


















































































* 12k 80 
-S u 








































.6^.12 .01 






















y 






















4 








































.4^.08 ' 0 
.2 .04 J-./ 












































0 


^ 8 0 /00 


































































































a 




























































A* 






-4^ 
4j 


tg O 








































0 0 






















































Airfoil: N.A.C.A.44 18 R.N.: 3. 100.000 
Size: 5"x30" Vel.(ft./sec): 63.5 
Pres. (sfnd.otm.): 20.8 Dote:8-27-3l 


0 


























































-.2 -.3 












































-/2 


-** 




-J 
















Airfoil: N.A.C.A.44 18 


RM: 3.100,000 












Where tested: LMA.L. Test:V.D.T. 655 


-.4 |-4 










Dote:8-27-3l 


Test: V.D.T. 655 


-/6 










Corrected for tunnel-wall effect 










Corrected to infinite aspect ratio 


- 


9 




4 






1 


4 


8 


12 


16 


20 


24 


28 


32 -.4 


-2 


J 


.2 


.4 


.6 


.8 


1.0 


1.2 


1.4 


1.6 


1.8 



Angle of attach., ot (degrees) 



Lift coefficient, C 



FlOURE 41. — N.A.C.A. 4418 airfoil. 



26 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 




. Airfoil: MAX. A. 442/ R.N.:3. 1 1 0,000 
. Size: 5"x30" Ve/.(ft./sec): 69.4 

Pres.fsfnd. afm.): 20. 8 Date: 8 -28~3 1 
' Where tested: LMA.L. TestV.D.T. 656 

Corrected for tunnel-waff effect 



.44 
.40 
.36 
.32 

.28^ $.05 
*.24# ^.04 
1.20° 1.03 



.12 
.11 
JO 
.09 

toe 

.5.07 
1.06 



.12 
.08 
.04 
0 



.02 
.01 
0 

J-'' 

%-.2 

Q 

U 

±-3 



4 8 12 /6 20 24 28 32 
Angle of attack, a (degrees) 























































































































































































































































































— r^-~ 
<*> 
















































































0 








































b:: 


■c c .- 
















































































































































































































\ 


\ 




















































































- 










































r 






































k 


















































































































































































































































































A 
































































5 a 














































































































































Airfoil: N.A.C. A. 4421 R.N..-3J 10,000 
Date:8-28-3l Test: V.D.T. 656 
Corrected to infinite aspect ratio 



















28$ 



:i 

0 

■4 o 
■8 P 



0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 
Lift coefficient, C 



Figure 42.— N.A.C.A. 4421 airfoil. 
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Figure 43.— N.A.C.A. 4606 airfoU. 
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FlGUBE 44.-N.A.C.A. 4509 airfoil. 




-8 -4 



Airfoil: N.A.C.A. 4512 R.M: 3.200,000 
Size: 5"x 30 " Vet. (ft./sec): 68. 2 
Pres.fsfnd. otm.): 21. 1 Date: 12- 16-31 
Where tested: LM A. L. Test:V.D.T. 733 
Corrected for tunnel-wall effect 



.40 ^.08 



.36 
.32 



0 4 8 12 16 20 24 28 32 
Angle of attack, a (degrees) 



.28-* $.05 

•a 

.24-^ &.04 

.200 o 03 
o 

.16 1 .02 
£./2 .01 
'.08 0 
.04 j-.i 
0 \-.2 

8 















1 j 












































































O • X 


1 


ei 


7 No. 7 


31 




























i 


\ V o 






57 L 


? 
































































































-I 










































































































































































































































































































































































































































































































































































































































































i 






























































































































































































































































































































































In 








































































































Airfoil: N.A.C.A.45I2 R.N.: 3.200, 000 
Date: 12-16-31 Test: V.D.T. 733 


















Corrected to infinite aspect rpfio 



48 

44 . 
40 

? 
20 "ft 

1 

o 

-4 o 



.2 .4 .5 .5 /0 /2 1.6 IS 

L iff coefficient, C u 



FIOUEK 46.— N.A.C.A. 4612 airfoil. 
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Figuee 46.— N.A.C.A. 4515 airfoil. 
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Figure 48.— N.A.C.A. 4521 airfoil. 
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Figure 50— N.A.C.A. 4712 airfoil. 
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Figure 51— N.A.C.A. 6212 airfoil. 
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Figure 62.-N.A.C.A. 6306 airfoil. 
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PiOUBB 53.—N.A.C.A. 6309 airfoil. 
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Figure 64.— N.A.C.A. 6312 airfoil. 
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Figure 56.— N.A.C.A. 6316 airfoil. 



CHARACTERISTICS OF AIRFOIL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TUNNEL 33 




Airfoil: N.A.C.A. 6318 R.N,:3.080,000 
Size: 5"x30" Ve/. (ft/sec): 69.3 

Pres.(st'nd.atm.):2l.0 Date:4~20-3I 
Where tested: LMA.L. Test: V.D.T.573 
Corrected for tunnel-wall effect 



.11 

.10 

.44 .09 

.40 ^.08 
c 
■S! 

.36 .G.07 



1.6 .32 o .06 



.28^ $.05 

.20 § 1-03 
.16 P .02 



1.0% 



.12 
.08 
.04 
0 



-8 -4 0 4 8 12 16 20 24 28 32 
Angle of attack, oc (degrees; 



r 















































































































































































































































































































c 


L 






















































































































































































































K 












































— i 














































\ 












































\ 












































\ 














































(- 






















































































i 

/- 


r 








































A 
































































































































'a 






































y 










































>■ 




















































































































































*- 




CM 
















































































































































Airfoit: N.A.C.A. 6318 R. N.: 3,080. 000 
Date: 4-20-31 Test: V.D.T.573 
Corrected to infinite aspect ratio 



















40 
36% 
3z\ 
28$ 

■9" 



-8 ^ 

-12 

■16 



.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 
Lift coefficient, C 



Figure 50— N.A.C.A. 6318 airfoil. 
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Figure 57— N.A.C.A. 6321 airfoil. 
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Airfoil: N.A.C.A. 6406 R.N.-.3, 100,000 
Size: 5"x30" Vel.(ft./sec): 69.2 

Pres. (sfnd. aim.): 21.0 • Da fe: 8 - 31- 31 
' Where tested: LMA.L. Test: V.D.T. 658 
' Corrected for tunnel-wall effect 
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Airfoil: N.A.C.A. 6406 R.H: 3 100,000 
Date: 8 -3/-3I Test: V.D.T. 658 
Corrected to infinite aspect ratio 
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Figure 68.—N.A.C.A. 5406 airfoil. 
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Airfoil: N.A.C.A. 6409 RM: 3,060,000 
Size: S"x30" Ve/.(ft./sec): 69.8 
Pres. (sfnd.atm.): 20.8 Date: 9-1-31 
Where tested: LMA.L Test: V.D.T. 659 
Corrected for tunnel-wall effect 
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Airfoil: N.A.C.A. 6409 R.N.: 3,060,000 
Date: 3-1-31 Test: V.D.T. 659 

Corrected to infinite aspect ratio 
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PIGTOE 59.— N.A.C.A. 6409 airfoil. 
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Airfoil: N.A.CA. 6412 R.N.: 3,090,000 
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Corrected to infinite aspect ratio 
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Figure 60.— N.A.C.A. 6412 airfoil. 
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Airfoil: N.A.CA. 64/5 R.N.: 3,060,000 
Date: 9- 3 -31 Test: V.D.T. 661 
Corrected to infinite aspect ratio 
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FiQUBB 81.— N.A.C.A. M16 airfoil. 
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FlGUBE 62.— N.A.C.A. 6418 airfoil. 




Airfoil: N.A.C.A. 6421 RM: 3,030,000 
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Figure 63.— N.A.C.A. 6421 airfoil. 
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. Airfoil: N.A.C.A. 6506 R.N.: 3, 1 70,000 
. Size: S"x30" Ve!(ft./sec.):68.5 
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' Where tested: LMA.L. Test: V.D.T.586 
' Corrected for tunnel-watt effect 
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Airfoil: N.A.C.A. 6506 R.N.: 3, 1 70,000 
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Figttre 64.-N.A.C.A. 6506 airfoil. 
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Airfoil: AI.A.C.A. 6509 R.N.:3.1 10.000 
Date: 4 -22-31 Test: V. D. T. 585 
Corrected to infinite aspect ratio 
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Fioube 65.— N.A.O.A. 6609 airfoil. 
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Airfoil: N.A.C.A.65I2 R.N.: 3,180.000 
Size: 5-x30" Vel.(ft./sec): 68.6 
Pres.(sfnd.atm.):20.9 Date: 12-23-31 
Where tested: L.M.A.L. Test:V.DJ.740 
Corrected for tunnel-wall effect 





























+ 


































































< 






7 


est No. 74C 


























A v q 












































































































































































































































































































































































































s, 












































\ 












































\ 










































h 


















































































J 


I 








































/ 








































/ 


> 








































V 












































































f 


















































































































<* 








































»" 
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Corrected to infinite aspect ratio 
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FlQTFKE 60.— N.A.G.A. 6612 airfoil. 
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67.-N.A.C.A. 6615 airfoil. 
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FI0TO2 68.— N.A.C.A. 6518airfoJL 
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Airfoil: N.A.C.A. 6521 RM: 3,080,000 
Date: 4-21-31 Test: V.D.T. 581 
Corrected to infinite aspect ratio 
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Fioube 89.— N.A.O.A. 6521 fllrfoiL 
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Airfoil: N.A.C.A. 66/2 R.N.; 3,250,000 
Date: /2- 28-3/ Test: V.D.T. 741 
Corrected to infinite aspect ratio 
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Figure 70.-N.A.O.A. 6612 airfoil. 




Airfoil: N.A.C.A. 6712 R.N. : 3,230,000 
Size: S"x30" Ve!(ft./sec): 68.5 
Pres.(sthd.atm.): 20. 7 Date: 12-29-31 
' Where tested: L.M.A.L. Test: V.D.T. 742 
Corrected for tunnel-wall effect » 
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Airfoil: N.A.C.A. 6712 R.N.: 3230,000 
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ate: 12-23-31 Test: V.D.T. 742 
orrected to infinite aspect ratio 
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Figure 71.— N.A.C.A. 6712 airfoil. 
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1 Airfoil: AI.A.C.A. 0006T R.N.:3, 1 80,000 
I Size: 5"x 30 " Vei. (ft/sec): 68. 7 
[ Pres.(s fnd. atm.):20.8 Date: 4-8- 31 
Where tested: LMA.L TesfMD.T. 554 
' Corrected for tunnel-wait effect 
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Airfoil: N.A.C. A. 0006T R.N.: 3, 160.000 
Dote:4-8-3l Test: V.D.T.554 
Corrected to infinite/ aspect ratio 



















25 5? 
.o* 

«| 

20 u 

Q> 

ft 

1 

0*: 



8 1 



-4 0 4 8 12 16 20 24 28 32 
Angle of attack, oi (degrees) 



.2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 
Lift coefficient, C L 



Fiquek 72.— N.A.O.A. 0006T airfoil. 
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Airfoil: MA.C.A. 00068 P.N.:3.090.000 
Size: 5"x30" Vet.(ft./sec): 63.5 
Pres. (sfnd atm.): 20. 8 Date: 4-8-3/ 
' Where tested: LMA.L. Test: V.D.T.556 
Corrected for tunnel-wall effect 
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Air foil: N.A.C.A. 0006B R.N.: 3,090,000 
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ate: 4-8-31 Test: V.D.T. 556 . 
orrected to infinite aspect ratio 










C 



0 4 8 12 16 20 24 28 32 
Angle of attack, a (degrees) 



4,0 



28$ 

•9" 
24% 

20 u 
4* 



■4^ 



12 
-16 



.2 .4 .6 .8 1.0 
Lift coefficient. C L 



Figure 73.— N.A.O.A. 0006B airfoil. 
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Airfoil: N.A.C.A. 00/2T R.N.: 3.120,000 
Size: 5'x30" VelM/sec): 63.5 
P-es.(sfnd.atm.):20.5 Dale: 4-3-31 
Where rested: L.M.A.L Test: V.D.TS48 
Corrected for tunnel-wall effect 
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Airfoil: N.A.C.A. 00I2T R. N.: 3, 120,000 
Dale: 4-3-31 Test: V.D.T. 548 
Corrected to infinite aspect ratio 
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Fiouiib 74.— N.A.O.A. 0012T airfoil. 




Airfoil: N.A.C.A. 00128 R.N.:3.Q80,000 
{ Size : 5"x30 " Vet. (ff./sec): 70. 1 
r Pres .(st'nd. atmJ: 20.3 Date: 4-4-31 
' Where tested: LM.A.L. Test: V. D.T.550 
"Corrected for tunnel-wall effect 
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Figuke 76.-N.A.O.A. 0012B airfoil. 
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3 Airfoil: N.A.C.A'. 00I8T Ft. N.: 3,1 50,000 
i Size: 5" x 30" " Vet.(ft./sec): 69.2 
I Pres.(sthd.atm.):20.6 Date:4~ 7-31 
Where tested: LMA.L. Test.V.D.T. 552 
' Corrected for tunnei-wall effect 
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Airfoil: N.A.C.A. 00I8T ft. N.: 3,150,000 
Date: 4- 7 -31 Test: V.D.T. 552 
Corrected to infinite aspect ratio 
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FiGtraa 76.-N.A.C.A.0018T airfoil. 
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Fiquee 77.- N.A.0 Jl. 0018B airfoil. 
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Airfoil: N.A.C.A. 2R,I2 R.N.: 3,260,000 
Size: 5°x30" Vei.(ft./sec): 68.3 
Pres. (st'nd. aim.): 20.6 Date:2-26 -32 
Where fesfed: LMA.L. Test: V.D.T. 764 
Corrected for tunnel-wall effect 
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Airfoil: N.A.C.A. 2R,I2 RM: 3,260,000 
Date: 2-26-32 Test: V.D.T. 164 
Corrected to infinite aspect ratio 
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Figure 78.-N.A.O.A. 2Ril2 airfoil. 
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Figure 79.— N.A.C.A. 2R»12 airfoil. 
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Airfoil: N.A.C.A. 2R Z I2 R.N.:3,I30000 
Date: 2-26-32 Test: V.D.T. 765 
Corrected to infinite aspect ratio 
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Figuee 80 —N.A.CA, 0012F„ and 0012Fi airfoils. 



PRECISION 



A general discussion of the errors and corrections 
involved in airfoil testing in the variable-density tunnel 
is included in reference 8. In connection with this 
report, it was hoped that a more .specific discussion of 
the various sources of error and separate estimates of 
the various errors might be given. However, after a 
careful study of all the measurements it became 
apparent that practically all the errors may be regarded 
as accidental; that is, of the type the magnitude of 
which may best be estimated from the dispersion of the 
results of independent .repeat measurements. The 
major portion of these errors is caused by insufficient 
sensitivity of the balance and manometers, by the 
personal error involved in reading mean values of 
slightly fluctuating quantities, and by the error due to 
slight surface imperfections in the model. The last is 
perhaps the most serious source of error. The models 
were carefully finished before each test, but the pres- 
ence of particles of hard foreign matter in the air stream 
tended to cause a slight pitting of the leading edge of 
the model during each test. This pitting was probably 
the major source of error in connection with the earlier 
tests, but it was reduced for the later tests when the 
necessity of a more careful inspection of each model 
was appreciated. After a considerable period of 
running the particles in the tunnel were found to be- 
come lodged, permitting this source of error to be 



largely elirninated during the later tests. For this 
report, however, the effect of the error from this source 
has been minimized by repeating the tests of many of 
the airfoils, including all of the symmetrical series 
originally reported in reference 2. 

The magnitude of all such accidental errors was 
judged from the results of repeat tests of many 
airfoils, and from the results of approximately 25 
tests of one airfoil that were made periodically through- 
out the investigation to check the consistency of the 
measurements. The accidental errors in the results 
presented in this report are believed to be within the 
limits indicated in the following table: 

a ±0.15° 



f 0.01 

1-0.03 
± 0.003 



r (C t _ ft \ J 0.0006 
o^Oi-u; j_ 0.0002 

fi (r _ n I 0.0015 
o^tOi-i; j_ 0.0008 

In addition to the consideration of the accidental 
errors, all measurements were carefully analyzed to 
consider possible sources of errors of the type that 
would not be apparent from the dispersion of the 
results of repeat tests. A rather large (approximately 
1.5 percent) error of this type is present in all the air- 
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velocity measurements resulting from a reduction in 
the apparent weight of the manometer liquid when the 
density of the air in the tunnel is raised to that cor- 
responding to a pressure of 20 atmospheres. The 
effects of this error, however, are reduced by the pres- 
ence of another error in the air-velocity measurements 
due to the blocking effects of the model in the tunnel. 
The measured coefficients, obtained by dividing the 
measured forces by %pV s , as well as the derived coef- 
ficients are, of course, affected by errors in the air- 
velocity measurement. Aside from this source of 
error, it is believed that only two other sources need 
be considered: first, the deflection of the model and 
supports under the air load; and second, the inter- 
ference of the airfoil supports on the airfoil. The 
angle of attack and the moment coefficient are affected 
by the deflection of the airfoil and supports. The 
error in angle of attack, which is proportional to 
C7» e/4 , was found to be approximately -0.1° for an 
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Figure 81.— Variation of lift-curve slope with thickness. 

airfoil having a moment coefficient of —0.075. The 
error from this source in the moment coefficient is 
inappreciable at zero lift, but at a lift coefficient of 1 
may amount to —0.001. The errors resulting from 
the support interference are more difficult to evaluate, 
but tests of airfoils with different support arrangements 
lead to the belief that they are within the limits indi- 
cated in the following table: 



±0.05° 
.00 
.02 
±0.001 



f 0J 
l-OJ 



C Do (C L -0) { q]oooo 
C Dq (C l = 1) ±0.0010 

The tunnel-wall and induced-drag corrections ap- 
plied to obtain the airfoil section characteristics might 
also be treated as sources of systematic errors. Such 
errors need not be considered, however, if the section 
characteristics are defined as the measured character- 
istics with certain calculated corrections applied. 
Errors in the tunnel-wall corrections, however, should 
be considered when the results from different wind 
tunnels are compared. For consideration of these 
errors, the reader is referred to references 9 and 10. 



For the purpose of comparing the results from differ- 
ent wind tunnels and of applying these results to air- 
planes in flight, it is also necessary to consider the 
effects of air-stream turbulence. In air streams having 
different degrees of turbulence, the value of the 
Reynolds Number cannot be considered as a sufficient 
measure of the effective dynamic scale of the flow 
The airfoil characteristics presented in this report were 
obtained at a value of the Reynolds Number of approx- 
imately 3,000,000, which corresponds roughly to the 
Reynolds Number attained in flight by a medium- 
sized airplane flying near its stalling speed. Consid- 
eration of the effects of the turbulence present in the 
variable-density tunnel (see references 11 and 12) leads, 
however, to the belief that these results are more 
nearly directly applicable to the characteristics that 
would be obtained in flight at larger values of the 
Reynolds Number. 
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Figure 82.— Variation of lift-curve slope with camber. Results for 12 percent thick 
airfoils. 

DISCUSSION 

The results of this investigation are here discussed 
and analyzed to indicate the variation of the aero- 
dynamic characteristics with variations in thickness 
and in mean-line form. For the analysis of the effect 
of thickness, test data from consecutive tests of airfoils 
having different thicknesses and the same mean-line 
form are used. The analysis of the effect of the mean- 
line form is made with respect to consecutive tests of 
airfoils of the same thickness (12 percent of the chord) 
and related mean-line forms. The results are com- 
pared, where possible, with the results predicted by 
thin-airfoil theory, a summary of which is presented 
in the appendix. 

LIFT 

lift curve. — In the usual working range of an air- 
foil section the lift coefficient may be expressed as a 
linear function of the angle of attack 

C L = a 0 (a 0 -a £o ) 

where a 0 is the slope of the lift curve for the wing of 
infinite aspect ratio and ax, o is the angle of attack at 
zero lift. 
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The variation of the lift-curve slope with thickness 
is shown in figure 81. The points on the figure rep- 
resent the deduced slopes as measured in the angular 
range of low profile drag. These results confirm 
previous results (reference 1) in that they show the 
lift-curve slope to decrease with increasing thickness. 
The camber has very little effect on the slope, as 
indicated in figure 82, although a rearward movement 
of the position of the camber tends to decrease the 




Figure 8 
percent 



.2 .3 A .5 .6 .7 
Comber position in fraction of chord 
(Abscissa of maximum mean-line ordinate) 

3.— Variation of angle of zero lift with camber. Points shown are for 12 
thick airfoils. Curves indicate general trends for the different thick- 



given mean line without altering the camber position. 
The theory also predicts an increased negative angle 
as the position of the camber moves back along the 
chord. The experimental values are compared with 
the theoretical values in figures 83 and 84. The ex- 
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—Variation of angle of zero lift with thickness. Numbers refer U 
camber designation. 
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Figure 85.— Variation of maximum lift with thickness. 
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slope slightly. Table II gives the numerical values of 
the slope in convenient form for noting the general 
trends with respect to variations in thickness and in 
camber. It will be noted that all values of the slope 
lie below the approximate theoretical value for thin 
wings, 2jt per radian; the measured values lie between 
95 and 81 percent, approximately, of the theoretical. 

The angle of zero lift is best analyzed by means of a 
comparison with that predicted by the theory. Thin- 
airfoil theory states that the angle of zero lift is pro- 
portional to the camber if the camber is varied, as 
with these related airfoils, by scaling the ordinates of a 



perimental values lie between 100 and 75 percent, 
approximately, of the theoretical values, the depar- 
ture becoming greater with a rearward movement of 
the position of the camber and with increased thickness 
(above 9 to 12 percent of the chord). Numerical 
values of the angle of zero lift are given in table III. 

Maximum lift. — The variation of the maximum lift 
coefficient with thickness is shown in figure 85. It 
will be noted that the highest values are obtained with 
moderately thick sections (9 to 12 percent of the chord 
thick, except for the symmetrical sections for which 
the highest values are obtained with somewhat thicker 
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sections). The variation with camber, shown in 
figure 86, confirms the expected increase in maximum 
lift with camber. The gain is small, however, for the 
normal positions of the camber, but becomes larger 
as the camber moves either rearward or forward. It 
will be seen by reference to figure 85 that the camber 
becomes less effective as the thickness is increased. 
This reduced effectiveness of the camber is in agree- 
ment with a conclusion reached in reference 13 that 
for airfoils having a thickness ratio of approximately 
20 percent of the chord, camber is of questionable 
value. Numerical values of the maximum lift co- 
efficient are given in table IV. 

Air-flow discontinuities. — These and other wind- 
tunnel tests indicate that at the attitude of maximum 
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(Abscissa of maximum mean-fine ordinate) 

Figure 86.— Variation of maximum lift with camber. Results for 12 percent thick 
airfoils. 

lift the air forces on certain airfoils exhibit sudden 
changes which in many instances result in a serious 
loss of lift. The probable cause of these air-flow dis- 
continuities is discussed briefly in reference 13. The 
stability or instability of the air flow at maximum 
lift may be judged by the character of the lift-curve 
peaks indicated for the various airfoils. The curves 
are classified into three general types as noted in 
table IV, but the degree of stability is difficult to 
judge. It may be generally concluded that improved 
stability may be obtained by (1) having a small 
leading-edge radius, which causes an early break- 
down of the flow with a consequent low value of the 
maximum lift, (2) increasing the thickness (beyond the 
normal thickness ratios), or (3) increasing the cam- 



ber (for airfoils having normal camber positions; 
i.e., 0.3c to 0.5c). 

MOMENT 

Thin-airfoil theory separates the air forces acting on 
any airfoil into two parts: First, the forces that pro- 
duce a couple but no lift (they are dependent only on 
the shape of the mean fine); second, the forces that 
produce the lift only, the resultant of which acts at 
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Camber position in fraction of chord 
(Abscissa of maximum mean-line ordinate) 

Figure 87.— Variation of moment at zero lift with camber. Points shown are for 
12 percent thick airfoils. Curves indicate general trends for the different thick- 
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Figure 88.— Variation of moment at zero lift with thickness. Numbers refer to 
mean-camber designation. 

a fixed point. We then have in the working range an 
expression for the total moment taken about any 
point 

where C mQ is the moment coefficient at zero lift and 
nC L is the additional moment due to lift. 

As with the, angle of zero lift, the theory states that 
the moment at zero lift is proportional to the camber 
and predicts an increase in the magnitude of the 
moment as the camber moves back along the chord. 
Figures 87 and 88 show the values of the moment 
coefficient as affected by variations of camber and 
thickness compared with the theoretical values. Re- 
ferring to figure 87, the plotted data indicate that the 
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moment coefficients are nearly proportional to the 
camber. It will also be noted that the curves repre- 
senting the ratios of the experimental coefficients to 
the camber are nearly parallel to the equivalent curve 
representing the theoretical ratios except that the 
curves tend to diverge for positions of the camber 
well back. Figure 88 shows that the experimental 
values he between 87 and 64 percent, approximately, 
of the theoretical. Numerical values of the moment 
coefficient at zero lift are given in table V. 
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Figure 89.— Variation of position of constant moment with thickness. Values of 
n for equation C^ ( »C^+«G. Results for airfoils having normal camber 
positions (0.3c to 0.6c). 

If the resultant of the lift forces acted exactly 
through the quarter-chord point, as predicted by the 
theory of thin airfoils, there would be no additional 
moment due to the lift when the moments are taken 
about this point. The curves of C meJi against C L) 
however, show a slope in the working range which 
indicates that the axis of constant moment is displaced 
somewhat from the quarter-chord point. The factor n 
represents the amount of this displacement as obtained 
from the deduced slopes of the moment curves in the 
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Figuee 00.— Variation of position of constant moment with camber. Values of n 
for equation Cm t/l «■ C„„+nCt. Eesults for 12 percent thick airfoils. 

normal working range. The variation of this dis- 
placement with thickness and with camber is shown in 
figures 89 and 90. Table VI gives the numerical 
values. Beyond the stall all the airfoils show a sharp 
increase in the magnitude of the pitching moment. 
The suddenness of this increase follows the degree of 
stability at the stall as indicated by the type of the 
Hft-curve peak. 

DRAG 

The total drag of an airfoil is considered as made up 
of the induced drag and the profile drag. Considering 



the profile drag as the minimum value plus an addi- 
tional drag dependent upon the attitude of the airfoil, 
we have in coefficient form 

Gjj — C Di + (Cpymin + A<7o 0 ) 

The induced-drag coefficient C Dt , which is computed 
by means of the formula given in reference 8, is con- 
sidered to be independent of the airfoil section. The 
variation of the profile-drag coefficient with the shape 
variables of the airfoil section is analyzed with respect 
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Fiqdbe 01.— Variation of minimum profile drag with thickness for the symmetrical 



to the variations of the two components of the profile 
drag. 

Minimum profile drag. — The variation of the mini- 
mum profile-drag coefficient with thickness for the 
symmetrical sections is shown in figure 91. The cam- 
bered sections show the same general variation with 
thickness but, to avoid confusion, the results are not 
plotted. The variation of the minimum profile-drag 
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Figure 02.— Increase in minimum profile drag due to camber. Results for 12 percent 
thick airfoils. Values of k for equation Cb |M -fc+a0956-f0.01 i+0.1 fl, where k 
is the increase in Cd,„„ due to camber and t Is the maximum thickness in fraction 
of chord. 

coefficient with the profile thickness may be expressed 
by the empirical relation 

C r z>oml „=it+0.0056 + 0.01*+0.1f 

where t is the thickness ratio and k (which is approxi- 
mately constant for sections having the same mean 
line) represents the increase in C Do min above that 
computed for the symmetrical section of corresponding 
thickness. The variation of C DQmin with camber is 
indicated by the variation of k as shown in figure 92. 
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The effect of camber is small except for tlie highly- 
cambered sections having the maximum camber well 
back. Numerical values of C DQmin are given in table VII. 

Additional profile drag. — The additional profile 
drag, which is dependent upon the attitude of the air- 
foil, has previously been expressed as a function of the 
lift (reference 4) by the equation 

where C Lopt may be called the optimum lift coefficient; 
that is, the lift coefficient corresponding to the mini- 
mum profile-drag coefficient. This equation holds 



This function is represented in figure 93 as the curve 
determined from the results for the symmetrical air- 
foils and for the airfoils having a camber of 2 percent 
of the chord. As the camber is increased, the dis- 
persion of the plotted points from the curve becomes 
greater. In general the points above the curve corre- 
spond to thick sections and sections in which the maxi- 
mum camber is well back. The departure from the 
curve becomes greater with increased thickness and 
with a rearward movement of the maximum-camber 
position. The points well below the curve correspond 
to the thin airfoils. 
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Fiqtjbe 93.— Additional profile drag. 
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reasonably well for the normally shaped airfoils at 
values of the lift coefficient below unity. 

A convenient practical method of allowing for the 
increased values of C D(S at moderately high values of 
the lift coefficient is to include the additional profile 
drag with the induced drag, as suggested in reference 
2. For the symmetrical airfoils of moderate thickness 
the term to be added to the induced-drag coefficient 
was given as 0.0062 C L 2 . The relative importance of 
this term may be better appreciated by considering 
that it represents 11.7 percent of the induced drag of 
an elliptical airfoil of aspect ratio 6. The same 
method may also be applied to other airfoils if the 
value of the optimum lift is not too large. 

Andrews (reference 14), using the part of these data 
published in references 2, 4, and 5, suggests for the 
additional profile drag the form 



AO L 



3 Ql-ovt) 



Because the additional profile drag is not a simple 
function of the lift, and also because the results as 
presented in figure 93 are difficult to follow, generalized 
curves for the relation 

AG^i{C L ~G Lopt ) 

are given in figure 94. These curves are given to 
represent more accurately the additional profile drag 
for the normally shaped sections. 

Optimum lift.— -The optimum lift, as denned above, 
is the value of the lift corresponding to the minimum 
profile drag. As the determination of this value of the 
Uft is largely dependent upon the fairing of the profile- 
drag curves, special curves were faired for this purpose 
on enlarged-scale plots corresponding to certain related 
airfoils grouped together. The values of the optimum 
lift coefficients obtained in this manner are given in 
table VIII. It may be noted by reference to this table 
that the optimum lift coefficient increases with camber 
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and for the highly cambered sections a definite increase 
accompanies a forward movement of the camber. 




.6 .8 

Figure 04.— Additional profile drag as a function or C L — Clo V u Results are for air- 
foils having normal camber positions (0.3c to 0.5c). 



it is not primarily dependent upon the shape of the 
mean line. Nevertheless it is interesting to compare 
the optimum lift coefficients with the values included 
in table VIII representing the theoretical lift coeffi- 
cients at the " ideal" angle of attack for the mean 
line; i.e., the angle of attack for which the thin-airfoil 
theory gives a finite velocity at the nose. (See the 
appendix.) 

GENERAL EFFICIENCY 

The general efficiency of an airfoil cannot be ex- 
pressed by means of a single number. The ratio of 
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Figube 96.— Variation of C^JCo^in with camber. Results are for 12 percent 
tnicfc airfoils. 

the maximum lift to the minimum profile drag is, how- 
ever, of some value as the measure of the efficiency of 
an airfoil section. The variation of this ratio with 
thickness is shown in figure 95. The curves of this 
figure indicate that the highest values of the ratio are 
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Figure 95.— Variation of Ct 



More important than these variations, however, is the 
variation with thickness. The rapid decrease in the 
optimum lift with increased thickness indicates that 



no JCDgfnin with thickness. 

given by the sections between 9 and 12 percent of the 
chord thick. The variation with camber, shown in 
figure 96, is less important. An increase in the camber 
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above 2 percent of the chord and a rearward move- 
ment of the camber (for the highly cambered sections) 
tend to decrease the value of C Lma JC D(jm i n . The 
numerical values of the ratio are given in table IX. 

SUPPLEMENTARY AIRFOILS 

For the purpose of investigating briefly the effects 
of certain shape variables other than those discussed 
in the main body of the report, 10 supplementary air- 
foils were tested. The airfoil sections were as follows: 
6 symmetrical sections with modified nose shapes, 2 
sections with refiexed mean lines, and 2 sections simu- 
lating those of a wing having a flexible trailing edge. 
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Figure 97.— Variation of maximum lift with nose radius. 

Airfoils with modified nose shapes. — The airfoils of 
the first supplementary group investigated were de- 
veloped from three of the symmetrical N.A.C.A. family 
airfoils: The N.A.C.A. 0006, the N.A.C.A. 0012, and 
the NA.C1. 0018. For each of these basic (or nor- 
mal) sections one thinner-nosed section, denoted by 
the suffix T, and one blunter-nosed section, denoted 
by the suffix B, were developed and tested. The 
derivation of each modified section was similar to that 
of the normal section and was accomplished by a sys- 
tematic change in the equation that defines the normal 
section. This change is principally a change in the 
nose radius, but it also results in modifications to the 
profile throughout its length, except at the maximum 
ordinate and at the trailing edge. The nose radii of the 
sections in percent of the chord are as follows: 



Section 


T series 


Normal 


B series 


0006 


0.10 


0.40 


1.19 


0012 


.40 


1.68 


3.80 


0018 


.89 


3.56 


7.15 



The aerodynamic characteristics of the modified 
sections are given in figures 72 to 77. These may be 
compared with the characteristics of the normal sec- 
tions given in figures 4, 6, and 8. The maximum lift 
coefficients of the modified and the normal sections 
are plotted against the leading-edge radii in figure 97. 
It is interesting to note that the leading-edge radius is 
very critical in its effect on the maximum lift when 
the radius is small. This critical effect is also indicated 
by the rapid increase in the maximum lift with increas- 
ing thickness for the thin sections as shown in figure 85. 

Airfoils with refiexed mean lines. — Previous inves- 
tigations have shown that the pitching moment of 
cambered airfoils can be reduced by altering the form 
of the mean line toward the trailing edge, with a con- 
sequent loss of maximum lift but only a small reduction 
in drag. In order to compare the characteristics of 
sections of this type with those of the related sections 
of normal form, two airfoils were developed with the 
basic thickness distribution of the N.A.C.A. 0012 dis- 
posed about certain mean lines of the form given in 
reference 15 

y c =hx(l-x) (1-Xx) 

The values of h in this equation were chosen to give a 
camber of 0.02 and the values of X were chosen to give 
the airfoil designated the N.A.C.A. 21^12 a small 
negative moment and the airfoil designated the 
N.A.C.A. 2R 2 12 a small positive moment. Charac- 
teristic curves for the two airfoils are given in figures 
78 and 79. The principal characteristics of the sec- 
tions may be conveniently compared with those of the 
related symmetrical section, the N.A.C.A. 0012, and 
a related normal section having a camber of 2 percent 
of the chord, the N.A.C.A. 2412, by means of the 
following table arranged in the order of increasing 
pitching-moment coefficients. 



Section 










2U-A2 


1.47 


0.0086 


171 


0.004 


0012 


1.53 


.0083 


184 


-.002 


2Ril2 


1.53 


.0083 


184 


-.020 


2412 


1. 62 


.0085 


190 


-.044 



These results indicate that airfoils having refiexed 
mean lines may be of questionable value because of the 
adverse effect of this mean-line shape on the maximum 
lift coefficient. 
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Thickness and camber modifications near the 
trailing edge. — Two airfoils were developed to simu- 
late an airfoil having a flexible trailing edge in a straight 
and in a given deflected position. The thickness dis- 
tribution is composed of three parts: the forward por- 
tion (0 to 0.3c) having the same distribution as the 
N.A.C.A. 0012, the rear portion (from 0.7c to the 
trailing edge) having a thin, uniform value, and the 
central portion joining these two with fair curves. 
As shown in figure 80, the two airfoils differ only in 
the rear portion, the section designated N.A.C.A. 
0012F 0 simulating that of a wing having the trailing 
edge deformed for the high-speed condition, and the 
section designated N.A.C.A. 0012F X simulating that 
of the same wing with the trailing edge bent down in a 
chcular arc. Curves of the aerodynamic characteris- 
tics for both conditions are compared in figure 80. 
Considering the results given by both airfoils as two 
conditions for one airfoil, a very high maximum lift 
with a reasonably low minimum drag is obtained. 

Q 

On this assumption the ratio qJ"^ is 197, slightly 

higher than the value of this ratio given by the 
N.A.C.A. 2412. 

In order to study the effects of an extreme change in 
the thickness distribution, the principal characteris- 
tics of the two sections may be compared with those 
of the related normal sections, the N.A.C.A. 0012 and 
the N.A.C.A. 6712. The maximum lift coefficient is 
little affected by the change in the thickness distribu- 
tion, but it is of interest to note (table I) that the slope 
of the lift curve of the N.A.C.A. 0012F« is slightly 
greater than 2% per radian, as compared with an appre- 
ciably lower slope for the N.A.C.A. 0012. The profile 
drag is also affected by the change in the thickness 
distribution. Of the two symmetrical sections, the 
profile drag of the N.A.C.A. 0012F 0 is much higher 
than that of the N.A.C.A. 0Q12 over the entire lift 
range. This is not true, however, for the two cam- 
bered sections. Comparing the characteristics of the 
N.A.C.A. 0012F X with those of the N.A.C.A. 6712, we 
find that at low values of the lift the profile drag of 
the former is much higher, but as the lift increases tins 
difference becomes less, and in the high-lift range the 
profile drag of the N.A.C.A. 0012Ft is considerably 
less than that of the N.A.C.A. 6712. 

CONCLUSIONS 

The variation of the aerodynamic characteristics of 
the related airfoils with the geometric characteristics 
investigated may be summarized as follows: 

Variation with thickness ratio: 

1 . The slope of the lift curve in the normal working 
range decreases with increased thickness, varying 
from 95 to 81 percent, approximately, of the theoretical 
slope for thin airfoils (2x per radian). 



2. The angle of zero lift moves toward zero with 
increased thickness (above 9 to 12 percent of the 
chord thickness ratios). 

3. The highest values of the maximum lift are ob- 
tained with sections of normal thickness ratios (9 to 
15 percent). 

4. The greatest instability of the air flow at maxi- 
mum lift is encountered with the moderately thick, 
low-cambered sections, 

5. The magnitude of the moment at zero lift de- 
creases with increased thickness, varying from 87 to 
64 percent, approximately (for normally shaped air- 
foils), of the values obtained by thin-airfoil theory. 

6. The axis of constant moment usually passes 
slightly forward of the quarter-chord point, the dis- 
placement increasing with increased thickness. 

7. The minimum profile drag varies with thickness 
approximately in accordance with the expression 

C DQmin = k + 0.0056 + 0.01* + 0. it 2 

where the value of k depends upon 'the camber and t is 
the ratio of the maximum thickness to the chord. 

8. The optimum lift coefficient (the lift coefficient 
corresponding to the minimum profile-drag coefficient) 
approaches zero as the thickness is increased. 

9. The ratio of the maximum lift to the minimum 
profile drag is highest for airfoils of medium thickness 
ratios (9 to 12 percent). 

Variation with camber: 

1. The slope of the lift curve in the normal working 
range is little affected by the camber; a slight decrease 
in the slope is indicated as the position of the camber 
moves back. 

2. The angle of zero lift is between 100 and 75 per- 
cent, approximately, of the value given by thin-air- 
foil theory, the smaller departures being for airfoils 
with the normal camber positions. 

3. The maximum lift increases with increased cam- 
ber, the increase being more rapid as the camber 
moves forward or back from a point near the 0.3c 
position. 

4. Greater stability of the air flow at maximum lift 
is obtained with increased camber if the camber is in 
the normal positions (0.3c to 0.5c). 

5. The moment at zero lift is nearly proportional to 
the camber. For any given thickness, the difference 
between the experimental value of the constant of 
proportionality and the value predicted by thin-airfoil 
theory is not appreciably affected by the position of 
the camber except for the sections having the maximum 
camber well back, where the difference becomes 
slightly greater. 

6. The axis of constant moment moves forward as 
the camber moves back. 

7. The minimum profile drag increases with in- 
creased camber, and also with a rearward movement 
of the camber. 
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8. The optimum lift cofficient increases with the 
camber and for the highly cambered sections a definite 
increase accompanies a forward movement of the 
camber. 

9. The ratio of the maximum lift to the minimum 
profile drag tends to decrease with increased camber 
(above 2 percent of the chord) and with a rearward 
movement of the camber (for the highly cambered 
sections). 



Langley Memokial Aeronautical Labratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., December 20, 1982. 

APPENDIX 

It is proposed in this section of the report to present, 
briefly, a summary of the results of the existing thin- 
airfoil theory (based on the section mean line) as ap- 
plied to the prediction of certain section characteris- 
tics. Such a summary is desirable because at present 
the results must be obtained from several different 
sources which give them in a form not easily applied. 
Three characteristics are considered; namely, (1) the 
angle of zero lift ol Lq) (2) the pitching-moment co- 
efficient C me/V and (3) the "ideal" angle of attack a I} 
or the corresponding lift coefficient C hp that is, values 
corresponding to the unique condition for which the 
theory gives a finite velocity at the nose of the airfoil. 
(See reference 16.) 

Expressions for lift and moment coefficients may be 
written as follows if the angles are measured in radians: 

^i = 2*-(o:,- a£t) ) ( 2 ) 



(3) 

If the leading end of the mean line is chosen as the 
origin of coordinates and the trailing end is taken on 
the x axis at x — 1, then the parameters a Lo , a I} and 
jS are given by the following integrals 



= j 1 y fcGO & x 

- J* y U(x) dx 

= pyU(x) dx 



where 



fi(*) = 



-1 

t(1-x) [*(!-*)]« 



* f \ (l-2z) 



(4) 



(5) 



(6) 



(7) 
(8) 



4(1 -2aQ 
~t[x(1-x)]H 



(9) 



and y is the ordinate of the mean line at a given abscissa 
x. The integrals (4) and (6) may be shown to be 
identical with the corresponding integrals given by 
Glauert (reference 15) and by Munk (reference 17), 
and integral (5) is given by Theodorsen (reference 16). 

The evaluation of these integrals for the N.A.C.A. 
airfoil sections given in this report was accomplished 
analytically. The values of a LQ (changed from 
radians to degrees), C m ^ and C Ll , so computed, are 
given in tables III, V, and VIII, respectively, in the 
main body of the report. This method of evaluation, 
however, cannot be applied to many of the commonly 
used sections because they do not have analytically 
defined mean lines; hence, an approximate method 
must be used. A graphical determination gives good 
results and for convenience the values of the three 
functions, (7), (8), and (9), at several values of x, are 
given in the following table: 



X 


fi(x) 






X 




fcCr) 


fttr) 


0 








0.30 


-0.992 


0.662 


L 111 


0.0126 


-2*901 


113. 15 


lL 17 


.40 


-1.083 


.271 


.520 


.0260 


-2. 091 


39.73 


7.747 


.60 


-1.273 


0 


0 


.0600 


-1. 637 


13.84 


6.268 


.60 


-1. 624 


-.271 


-.520 


.0760 


-1.306 


7.403 


4.109 


.70 


-2.315 


-.662 


-1.111 


.1000 


-1. 179 


4.716 


3.395 


.80 


-3.979 


-1.492 


-1.910 


.15 


-1.049 


2.447 


2.496 


.90 


-10. 61 


-4.716 


-3.395 


.20 


-.996 


1.492 


1.910 


.95 


-29.21 


-13.84 


-5.258 


.26 


-.980 


.980 


1.470 


1.00 




— 00 





In general, some difficulty would be expected with 
the graphical method because the values of the above 
functions tend to infinity at the leading and trailing 
edges. Actually, because the ordinates of the mean- 
line extremities are zero, the integrand may approach 
zero, and does at the leading edge for the integral (4), 
and at the leading and trailing edges for the integral (6) . 
Difficulty, however, is encountered at the trailing edge 
for the integral (4) and at the leading and trailing edges 
for the integral (5). In order to avoid this difficulty, 
integral (4) is evaluated graphically from x=0 to 
x = 0.95, and the increment contributed by the por- 
tion from x=0.95 to x=l is determined analytically, 
likewise, integral (5) is evaluated graphically from 
x=0.05 to x=0.95 and analytically for the extremities. 
The analytical deteimination of the increments is 
accomplished by assuming the mean line near the 
ends to be of the form 

y^a+bx+cx 2 

Evaluating the integrals gives 

Aa itf = -0.9642/0.95 + 0.0954^ 

Aa 7 = 



_ f + 0.467y 0 .05 + 0.0472^ 
"l-0.467yo.9 5 + 0.0472^ 



(a; = 0.95 to x~l) 
(x = 0 to a; = 0.05; 



(s-0.95 



x = 0.05) 
toz = l) 



where # 0 & n d Vi are the mean-line slopes at the 
leading and trailing edges, respectively. 
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(Lj D)max 


0.15 
chord 
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0008 


7 


0.88 


13 
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23.8 
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4. 13 


25 
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0009 


7 
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14 


.0 
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.0074 


22.9 
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02 


6.20 


26 
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0012 


8 
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17 
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184 
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.0083 
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.37 
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0015 


8 


1.53 


17 


TO 


.100 


.0093 


164 


.000 


.0093 


21.2 


.40 








24 




0018 
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.0 
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84 
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16.5 
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10 
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16 
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.0087 
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.40 
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11 


1.04 
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.0073 


142 
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.33 




4. 14 


29 
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.0083 
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28 
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.0080 
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.099 


.0139 
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1 Based on H Cl„„. 

1 Based on straight portion of lift curve extended. See curve for actual value. 

" Based on straight portion of moment curve extended. See curve for actual value. 

* Ratio of the chord component to the beam component of the air forces to be used for the high angle of attack condition if the plane of the drag truss is parallel to the 

airfoil chord. C/B should be calculated when the plane of the drag truss Is not parallel to the chord. 

CAB»tan[tan-i<C'/£)o-{ < ] or ^" ^c/B). 

where U is the angle of in- where k is the slope 

cidence of the drag truss of the'drag truss with 

with respect to the airfoil respect to the airfoil 

chord. chord. 
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TABLE II. — SLOPE OF LIFT CURVE, ao=-^ (PER DEG.) 
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.103 


.102 


.103 


.099 


.095 




.100 


• 44 


.104 


.103 
.103 


.100 


.101 


.096 


.093 




.100 


45 


.104 


.101 


.101 


.096 


.095 




.097 








.098 


















.097 


62 

63 

64 


"."ioT 

.104 


""ioT 

.101 
.103 


"'m 

.102 
.101 


"."161* 

.099 


""."098" 
.099 


.096 




.100 
.101 
.101 


« 


.101 


.099 


.095 


.094 




.101 
.099 


66 












67 
















.097 



















• Additional tests to determine variation with camber. 
TABLE III. — ANGLE OF ZERO LIFT, % (DEGREES) 



\ Thickness 
\ designa- 

„ \ tion 
Oam- \ 
ber dfis- \ 
ignatlon \ 


06 


09 


12 


15 


18 


21 


25 


12 


Theor. 


00 


-0.1 


O.O 


0.0 


0.0 


0.0 


-0.1 


0.0 


0.0 

-1.8 
-1.9 
-1.8 
-2.1 
-2.3 


0 

-1.80 
-1.92 
-Z08 
-2 29 
-Z 69 
-3.04 

-3.60 
-3.84 
-4.15 
-4.68 
-5.18 
-6.09 

-5.40 
-5.76 
-6.23 
-6.88 
-7.78 
-9.13 


22 


23 

24 


-1.8 
-1.7 
-2.0 


-2.0 
-1.7 
-2.0 


-L7 
-1.7 
-2,0 


-1.7 
-1.7 
-2.0 








-1.9 
-2 0 


-1.7 
-1.8 




25 




27 
















-2.6 

-3.4 
-3.9 
-3.9 
-4,2 
-4.6 
-5.0 

-5.2 
-6.6 
-5.7 
-6.2 
-6,6 
-7.0 


42 
















43 


-3.8 
-3.9 
-4.3 


-3.6 
-3.6 
-4.1 


-3.7 
-3.9 
-4.0 


-3.6 
-3.8 
-4.1 


-3.5 
-3.7 
-3.9 


-3,6 
-3.4 
-3.4 




44 




45 








47 
















62.. 
















63 


i-6.2 
-6.6 
1-6.3 


-5.4 
-5.9 
-6.3 


-5.4 
-5.7 
-6.3 


-5.4 
-5.7 
-6.0 


-6.2 
-5.7 
-5.7 


-6.2 
-6.2 
-5.3 




64 




66 







































1 Based on straight portion of lift curve extended. See curve for actual value. 



TABLE IV.— MAXIMUM LIFT COEFFICIENT, C Lm 



\TMckness 
\ designa- 
\ tion 
Cam \ 
berdes- \ 
ignation \ 


06 


09 


12 


15 


18 


21 


25 


12 


00 


'0.88 


6 1. 27 


• 1.63 


» 1.53 


'1.49 


•1.38 


M.20 


•1.53 

>1.60 
•1.61 
»L 62 

»i. 62 

M.66 
'1.68 

•1.71 
'1.63 

• 1.65 
M.69 
M.76 
•t 82 

'1.75 
► L 66 

• 1.67 
•1.75 
•1.83 
•1.96 


22 . . 


23 

24 

25 

26 


•1.04 
•1.01 
•1.03 


"1.51 
•1.51 
*L 38 


u.eo 
• 1.59 

&1.60 


»1.64 
'1.55 
'1.53 


~»Ti§" 

•1.48 


"•T35" 
'1.38 




27 
















42 
















43 


'1.20 
•1.23 
•1. 15 


>1.60 
M.60 
•1,56 


U.63 
•1. 61 
»1.69 


M. 56 
•1.57 
•1,62 


»1.46 
•1.47 
•1.-64 


'1.29 
•1.37 
«1. 46 




44 




45 




46 




47 
















62 
















63 

64 

66 

66 


• 1.64 
«1.43 
•1.29 


• 1.67 
•1.68 
•1.71 


U.64 
•1.65 
•1.76 


"1.65 
•1.69 
•1.67 


•1.43 
•1.61 
'1.61 


'1.37 
•1.41 
'L49 






67 


































(a) : 

Note.— Letter indicates type of lift curve peak. 



(c) 
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REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
Table V. — -MOMENT COEFFICIENT AT ZERO LIFT, C m „ 



\. Thickness 
ignation \. 


06 


09 


12 


15 


18 


21 


25 


12 


Theor. 


















-0.002 

-0.029 
-.038 
-.044 
-.054 
-.060 
-.076 

-.059 
-.075 
-.089 
-.106 
-.124 
-.143 

i -.087 
-.110 
-.132 
» -.159 
i -.186 
i -.206 


0 

-0. 0370 
-.0447 
-. 0531 
-.0628 
-.0749 
-.0912 

-.0739 
-.0894 
-.1062 
-. 1267 
-. 1497 
-.1825 

-. 1109 
-.1342 
-. 1594 
-.1886 
-.2246 
—.2737 




-.036 
-. 039 
-.048 


-.036 
-.044 
-.052 


-.036 
-.042 
-.050 


-.034 
-.040 
-.049 








24 


-.037 
-.047 


-.036 
-.043 






























42 
















43 


-. 075 
-.087 
-. 109 


-.073 
-.086 
-.106 


-.072 
-.087 
-.102 


-.068 
-.083 
-.097 


-.065 
— ,078 
-.094 


-.057 
-.071 
-.082 




44 




45 




46 




47 
















62 
















63 


« -. 109 
i 129 
> -. 159 


-.110 
-.133 
-. 158 


-. 108 
-. 129 
-. 154 


-.105 
-. 125 
>-. 150 


-.097 
-.118 
-.139 


-.090 

-. no 

-. 129 




64 

65 








67 

































Based on straight portion of moment curve extended. See curve for actual value. 

TABLE VIII.— OPTIMUM LIFT COEFFICIENT, C Lm 



TABLE VI. — DISPLACEMENT OF CONSTANT MOMENT 
POSITION IN PERCENT CHORD AHEAD OF QUAR- 
TER-CHORD POINT (100 TIMES VALUES OF n FOR 
EQUATION C me/i =C mQ +nC L ) 



\j Thickness 

C im \ 
ber des- \ 
ignation \ 


06 


09 


12 


15 


18 


21 


25 


12 


00 

22 


0.7 


0.7 


0.9 


1.1 


1.4 


1.8 


2.6 


0.9 
.4 
.6 
.6 
.7 
.8 
.8 
.3 
.4 
.5 
1.0 
1.1 
1.3 
.2 
.5 
.8 
1.5 
2.0 
2.1 


23. 


.3 
.1 
.0 


.3 
.3 
.2 


.3 
.4 
.3 


.6 
.7 
.6 








24 

25 

26 


1.0 
1.0 


1.5 
1.7 




27 
















42 
















43 

44 

46 


.3 
.3 
.3 


.4 
.3 
.3 


.6 

:! 


.7 
1.0 
. .9 


1.2 
1.4 
1.4 


1.6 
1.7 
1.7 




47 
















62 
















63 

64 


-.4 

-.7 
.0 


.1 
.0 
.0 


.4 
.6 
.7 


.9 
.9 
1.6 


1.1 
1.3 
1.8 


1.5 

1.7 
1.9 




66 

66 




67 
















TABLE VI 


[. — M 


INIM 
CI 


UM 
ENT, 


PROl 


""ILE- 

in 


DRA 


3 CO 


EFFI- 


\ Thickness 
\designa- 
V tion 
Cam- X 
ber des-\ 
ignation \ 


06 


09 


12 


15 


18 


21 


26 


12 


00 

22 

23 


0.0066 


a 0074 


0.0083 


0.0093 


0.0108 


0.0120 


0.0143 


a 0083 

.0087 
.0089 
.0085 
.0088 
.0089 
.0090 

.0092 
.0095 
.0092 
.0095 
.0099 
.0104 

.0101 
.0102 
.0104 
.0106 
.0114 
.0126 


.0073 
.0070 
.0073 


.0083 
.0080 
.0081 


.0088 
.0090 
.0089 


.0100 








.0099 
.0103 


.0112 
.0112 


.0127 




27 


.0126 


















42 
















43. 

44 

46 


.0080 
.0076 
.0087 


.0089 
.0086 
.0093 


.6161 
.0095 
.0103 


.0107 
.0105 
.0113 


.0119 
.0116 
.0125 


.0134 

.0132 
.0138 






















62 
















63 

64 

66"™;™;;; 


.0092 
.0086 
.0093 


.0101 
.0094 
.0100 


.0108 
.0104 
.0111 


.0120 
.0120 
.0127 


.0130 
.0132 
.0141 


.0144 
.0146 
.0154 




67 



































\Thickness 
\ designs- 
\ tion 
Cam- \ 
ber des- \ 
ignation \ 


06 


09 


12 


IS 


18 


21 


25 


12 


1C \ 


00 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 

.17 
.16 
.20 
.23 
.20 
.20 

.35 
.34 
.32 
.30 
.30 
.33 

.55 
.47 
.45 
.45 
.38 
.30 


0 

0.308 
.272 
.266 
.251 
.256 
.272 

.616 
.544 
.512 
.502 
.512 
.544 

.923 
.816 
.767 
.764 
. .767 
.816 


22 


23 


.17 
.23 
.18 


.18 
.17 
.16 


.10 
.15 
.15 


.10 
.12 
.11 








24 


.11 
.08 


.07 
.03 




25 




26 




27 
















42 
















43 


.35 
.40 
.40 


.30 
.36 
.34 


.23 
.33 
.27 


.12 
.22 
.22 


.20 
.16 
.16 


.06 
.10 
.08 




44 

46 

46 


47 
































63 . 


.63 
.60 
.60 


.45 
.65 
.63 


.40 
.42 
.42 


.33 
.33 
.33 


.24 
.24 
.24 


.13 
.15 
.10 




64 

65 

66 


67 

































1 Theoretical lift coefficient at "ideal" angle of attack. 

TABLE IX. — RATIO OF MAXIMUM LIFT COEFFICIENT 
TO MINIMUM PROFILE-DRAG COEFFICIENT, 



v Thickness 
v designa- 
V tion 
Oam- \ 
ber des- N 
ignation 



46 

46 

4? 
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4. PROPELLER SYMBOLS 



ifipp/ Diameter. 

Geometric pilch 
Pitch ratio .. 
Inflow velocity 
| - : F„ . Slipstream velocity 



■A 



: p, : ; ; Power, absolute coefficient 0p = — rgfs 
<X, ,, Speed-power coefficient == ^/^; : ' 




cy 



T, Thrust, absolute coefficient Cr^-^tfr 

Q 

Q, Torque, absolute coefficient Cy=^fys 



. || Revolutions per second, r. 




. I hp. - 78.04 %~m/B - 550 ft-lb./sea : ": •• 
;:;: -|> : iuetric horsepower = 1 .0132- hr^ . ; y 
l m.p-h^ 0.4470 m.p,s. 



x' ■' XX-. 

Ub.=0, 




1 kg^2J 

i:lli|ll# : 5; p 

i iii^3:2808 ft. 
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